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This paper proposes a method for predicting the reduced scattering coefficients of tissue-
simulating phantoms or the desired amount of scatters for producing phantoms according to
Mie scattering theory without measurements with other instruments. The concentration of the
scatters TiOs particles is determined according to Mie theory calculation and added to transpar-
ent host epoxy resin to produce phantoms with different reduced scattering coefficients. Black
India Ink is added to alter the absorption coefficients of the phantoms. The reduced scattering
coefficients of phantoms are measured with single integrating sphere system. The results show
that the measurements are in direct proportion to the concentration of TiOs and have identi-
cal with Mie theory calculation at multiple wavelengths. The method proposed can accurately
determine the concentration of scatters in the phantoms to ensure the phantoms are qualified
with desired reduced scattering coefficients at specified wavelength. This investigation should be
possible to manufacture the phantom simply in reasonably accurate for evaluation of biomedical

optical imaging systems.
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1. Introduction

Optimization of therapy or devices for laser appli-
cations in medicine often requires knowledge of
light distribution inside biological tissue.! Tissue-
simulating phantoms are used to simulate the opti-
cal properties of real biological tissue, and light
distributions in biological tissue in optical imag-
ing. These phantoms can be widely used in photo-
dynamic therapy,? optical coherence tomography,?
and fluorescence molecular tomography? to validate
the algorithms, calibrate instruments, and perform
quality control.

There are two different types of tissue-
simulating phantoms: liquid phantoms and solid
phantoms. The advantages of liquid phantoms are
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that the phantom materials are easy to purchase
and prepare. However, liquid phantoms are difficult
to preserve, and their useable lifetimes can only last
for several hours to several days. Moreover, it is dif-
ficult to produce inhomogeneous liquid phantom.
The requirement for inhomogeneous phantoms, like
layered structure, accelerates the development of
solid phantoms. The material is the most impor-
tant for solid phantoms. Added with scattering
materials (Intralipid) and absorption dyes (India
Ink), gelatin, agar,®® and polyacrylamide® can
be cast into arbitrary shapes. These phantoms
can mimic the inhomogeneous biological tissues.
However, the useable lifetimes of these phantoms
are usually limited to no more than two months.
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As the research going on, more and more mate-
rials are used to produce tissue-simulating phan-
toms, such as polyorganosiloxane,” polyester,® and
epoxy resin.” Phantoms made of these materials
have better stability and are easier to be cast into
arbitrary shapes. The selection of the material is
determined by the scattering material and absorp-
tion dye added. Pogue and Patterson summarized
the materials, production approaches and field of
applications of tissue-simulating phantoms for opti-
cal spectroscopy, imaging, and dosimetry.'® Tuchin
also explicitly presented the general approach, scat-
tering media, and light-absorbing media for phan-
tom preparation.'!

After the phantom production, the optical
parameters of these phantoms need to be measured
with precise instruments. So it is limited by the
availability and the accuracy of the instruments.
Furthermore, most research groups can only mea-
sure the optical parameters of tissue in interested
wavelengths, so the research of phantoms lacks of
universality. A simple and reliable phantom pro-
duction approach is necessary. Mie theory is rig-
orous solution for spherical particles irradiated by
single wavelength planar light. It is a precise method
to calculate the scattering property of spherical
particles.'? Mie scattering theory is usually used
to validate the measurements of scattering coeffi-
cient, so it can also be fundamental of phantom pro-
duction. This research proposes a simple method of
producing tissue-simulating phantoms. The reduced
scattering coeflicients of phantoms can be predicted
according to Mie calculation. To validate the accu-
racy of the predicted values, the phantoms are mea-
sured with single integrating sphere system. This
paper shows the primary results.

2. Materials and Methods
2.1. Material selection

The main materials used in phantom production are
epoxy resin, nanometer-sized particles of titanium
dioxide (TiO3), and India Ink. The epoxy resin is
nonscattering media with low intrinsic absorption
coefficient. Its original form is transparent liquid
with slight viscousness. It will polymerize at room
temperature during a week. However, the polymer-
ization will take less than 2h at 80° C.

TiOs particles of which absorption coeffi-
cient is very low are used as scattering mate-
rials. The refractive index of TiOg is 2.55, and
its density is 3.84 g/cm?. Figure 1(a) is the elec-
tron microscopic image of nanometer-sized TiO2
particles. Figure 1(b) is the size distribution of
the diameters of 410 TiO9 particles selected ran-
domly. It can be seen that the TiOg particles
used are nearly spherical and their diameters
fall into 90~710nm. The diameters and relative
numbers of particles whose diameters fall into
120~480 nm are used in Mie calculation. Because
the effect on the calculated reduced scattering coef-
ficient of particles with other diameters is very
small.

India Ink is a very stable absorption dye.
Figure 2 shows the absorption coefficients p, of
India Ink diluted with water at three different wave-
lengths (633, 750, and 900 nm) measured by spec-
trophotometer. The absorption coefficient and the
volume fraction of India Ink have good linear rela-
tion in the measurement range. And according to
the measurement of spectrophotometer, the absorp-
tion of India Ink is very stable. Repeatability error
is less than 3%.
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Fig. 1. (a) Electron microscopic image of nanometer-sized TiO2 particles and (b) The size distribution of the diameters of

410 TiOg particles selected randomly.
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Fig. 2. The absorption coefficients of India Ink diluted with
water at 633, 750, and 900 nm. C' presents the volume fraction
of India Ink.

2.2. Phantom production

The concentration of TiOo particles can be deter-
mined by Mie theory before producing phantoms.
The formulas of Mie calculation are well-known.!?
The crucial problem of Mie calculation is to calcu-
late Mie coefficients a,, and b,. There are several
algorithms to calculate these two coefficients. =17
We adopted the improved Mie scattering algorithms
proposed by Wiscombe.!” Then we can calculate the
extinction efficiency Qext, scattering efficiency Qgca,
and scattering anisotropy factor g,

N
Qest = 2/2° > (2n+ 1)Re(an +by), (1)
7\7:1
Qsca = 2/332 Z (21’L + 1)(‘an|2 + |bn‘2)’ (2)
n=1
Qabs = Qext - Qsca7 <3>
4 - [nn+2 . .
7= xQQsca nz:l [%Re(anan+l + bnbn+1>
Cnt1) .
mRe(anbn)} : (4)

where, x is the size parameter of scatters, it is
determined by particle diameter D and light wave-
length \: « = wD/A. a, and b, depend on the
complex refractive index m(= mpge — imiy). They
are expressed in terms of spherical Bessel functions.
The reduced scattering coefficient extrapolated to a
volume fraction of 100%,

) )

4r,,

will be called the specific coefficients here.'® The
reduced scattering coefficient is proportional to the

volume fraction (dimensionless) of the particles,

- 9N, (6)

where, N represents the particle density (numbers
of particles in per unit volume of phantom). The
determination of the concentration of TiOs particles
according to desired p, is straightforward.

The phantom production process can be sepa-
rated into several steps as follows: first, the epoxy
resin is prepared by mixing four components (ERL-
4221 (10g), DER-736 (6.8g), NSA (26g), DMAE
(0.2g)). ERL-4221 (3,4-epoxycyclohexyl carboxy-
late) with low viscosity is easy to operate. DER-
736 (diglycidyl ether of a polypropylene glycol) also
has low viscosity. It is used to alter the hardness
of the phantoms. NSA (nonenylsuccinic anhydride)
is a special kind of hardener. DMAE (dimethy-
laminoethanol) is used as activator to shorten the
polymerization time. The mixture is stirred with
magnetic stirrer for at least one hour at room tem-
perature to make sure the mixture is mixed suffi-
ciently. Second, certain amount of TiOg particles
and India Ink are added into the mixture. The mix-
ture is stirred with magnetic stirrer for at least 2 h.
In the end, the mixture is poured into a mold and
the mold is put into dry oven. Staying still for at
least 2h at 80°C, the phantom would polymerize
completely and its optical parameters would be sta-
ble. It is crucial to accurately control the amount of
TiOy particles and India Ink. Here, we pour the
TiO4 into a glass beaker containing alcohol and
break up the clustered particles with ultrasound.
Then the mixture is stirred into homogeneous sus-
pension and desired amount of suspension is added
into epoxy resin with pipette. India Ink is usually
diluted with water and then added into epoxy resin
with pipette. The water and alcohol will evaporate
during polymerization, so the ratio of each mate-
rial can be ensured. A set of phantoms qualified
with different p, and p, can be produced with this
method.

2
we = o'v, = 7y Qsca(l

2.3. Optical parameter measurement

The optical parameters of phantoms are mea-
sured with the 150 mm integrating sphere accessory
of Lambda 950 VU/Vis/NIR Spectrophotometers
for high precision reflectance and scattered trans-
mittance measurements. The reflectance/transmit-
tance can be measured with samples attached
directly to the reflection/transmission sample
holder, as is demonstrated in Fig. 3. The optical
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The schematic shows how to measure the reflectance (a) and transmittance (b) with one integrating sphere and the

reflectance and transmittance measured at 633 nm for seven phantoms.

parameters can be obtained with a light propaga-
tion model when the thickness of sample is known.
Here we adopt the Inverse Adding-doubling (IAD)
algorithm (Prahl, 2007). The anisotropy factor g
of TiOy particles used at 633, 750, and 900 nm
are, respectively, 0.629, 0.625, and 0.587 according
to Mie calculation. These three values are used as
inputs of TAD program to calculate the p, and g
of phantoms.

3. Results

Seven phantoms were produced with the method
aforementioned. The concentration of TiOs par-
ticles in these phantoms were, respectively 0.25,
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Fig. 4.

0.5, 0.75, 1, 1.25, 1.5, 1.75g/L (volume fraction:
0.065%0, 0.13%0, 0.195%0, 0.26%0, 0.325%0, 0.39%o,
0.456%0), while the volume fraction of India Ink
hold constant (0.0125%). To fulfill the requirement
of integrating sphere system, all phantoms were
cast into slab geometry of which the size is about
50 x 50 x 1mm?®. Each phantom was sandwiched
by two glass sheets of which the size are 60 x 60 x
1 mm?. After polymerization completely, the diffuse
reflectance and transmittance were measured with
single integrating sphere system. Then the mea-
sured i, and p, were calculated by IAD program.

The p, and p, of these phantoms at three dif-
ferent wavelengths are shown in Fig. 4. Figures 4(a),
4(c), and 4(e) respectively show the measurements
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(b)

ws and g vs the concentration of TiOo particles for seven phantoms at three different wavelengths. (a), (c), (e), o

represent, respectively, the measured p} by single integrating sphere system at 633, 750, and 900 nm, the line indicates the
predicted values by Mie theory. (b), (d), (f), o represent, respectively, the measured pq by single integrating sphere system at

633, 750, and 900 nm.
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Fig. 4. (Continued)

of p/, at 633, 750, and 900 nm and the predicted .
There is a good agreement between the measure-
ments and predicted values. The predicted p, are
calculated by Mie calculations. The relative num-
bers of every 10 nm-interval are counted and used
to calculate the predicted p}, As is demonstrated
in Fig. 1. We take di+5nm as the diameters of
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Fig. 5.

the particles whose diameters fall into interval (di,
di+10nm) in Mie calculations. Figures 4(b), 4(d),
and 4(f) respectively show the measurements of 1,
at 633, 750, and 900 nm.

The 1, and g, of these phantoms were mea-
sured again with single integrating sphere sys-
tem in one month. The comparison between two
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The stability of (a) 5 and (b) pq of phantoms at 750 nm. (o represents the measurements when the phantoms were

just polymerized completely, X represents the measurements after a month.)
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measurement sets is shown in Fig. 5. The variation
of pg is less than 0.07%, while that of p/, is less than
0.002%. The optical properties of these phantoms
are very stable.

4. Discussion and Conclusion

This research proposes a simple method to produce
tissue-simulating phantoms. The reduced scattering
coefficients of phantoms can be predicted by Mie
theory. In order to validate this method, we mea-
sured the optical parameters of a set of phantoms
with single integrating sphere system. The results
show that the measurements are in accordance well
with the predicted values. The advantage of this
method is that the concentration of TiOs particles
can be determined by Mie theory according to the
desired pl at a certain wavelength. So phantoms
with desired p can be produced. And the p, at
other wavelengths can also be calculated, so it can
break the limits of measurable wavelength range of
most instruments. The phantoms produced can be
used in optical imaging, such as fluorescence molec-
ular tomography, to validate the algorithms, cali-
brate instruments, and perform quality control.
The absorption coefficients of phantoms can
also be measured by single integrating sphere
system. As shown in Fig. 4, although the vol-
ume fraction of India Ink keep constant, measured
absorption coefficients are different between the
phantoms with different TiOs concentrations. This
may be caused by several possible reasons referred
as follows: first, the absorption coefficients of phan-
toms may be influenced by TiOo particles. So we
can see that the higher the TiOs concentration
is, the larger the absorption coefficient is. Second,
when the diffused transmission light is measured,
a fraction of the light that pass through phantoms
would be reflected by the inner wall of integrating
sphere and lost. Then the measured transmittance
would be smaller. The TAD method would overesti-
mate the absorption because of light losses.™
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